12 13 *Correspondence pawel.burkhardt@uib.no 14 15 16 17 18 19 20 21 22 23 24 the nucleus and mitochondria than choanoflagellates and more of their volume to 50 food vacuoles. Together, our comparative reconstructions uncover the architecture 51 of cell differentiation in choanoflagellates and sponge choanocytes and constitute an 52 important step in reconstructing the cell biology of the last common ancestor of the 53 animal kingdom. 54 55 56 57 RESULTS AND DISCUSSION 58 Three-dimensional cellular architecture of choanoflagellates 59
SUMMARY 26
Collar cells are ancient animal cell types which are conserved across the animal 27 kingdom [1] and their closest relatives, the choanoflagellates [2] . However, little is 28 known about their ancestry, their subcellular architecture, or how they differentiate. 29
The choanoflagellate Salpingoeca rosetta [3] expresses genes necessary for animal 30 multicellularity and development [4] and can alternate between unicellular and 31 multicellular states [3, 5] , making it a powerful model to investigate the origin of 32 animal multicellularity and mechanisms underlying cell differentiation [6, 7] . To 33 compare the subcellular architecture of solitary collar cells in S. rosetta with that of 34 multicellular "rosettes" and collar cells in sponges, we reconstructed entire cells in 35 3D through transmission electron microscopy on serial ultrathin sections. Structural 36 analysis of our 3D reconstructions revealed important differences between single 37 and colonial choanoflagellate cells, with colonial cells exhibiting a more amoeboid 38 morphology consistent with relatively high levels of macropinocytotic activity. 39
Comparison of multiple reconstructed rosette colonies highlighted the variable nature 40 of cell sizes, cell-cell contact networks and colony arrangement. Importantly, we 41 uncovered the presence of elongated cells in some rosette colonies that likely 42 represent a distinct and differentiated cell type. Intercellular bridges within 43 choanoflagellate colonies displayed a variety of morphologies and connected some, 44 but not all, neighbouring cells. Reconstruction of sponge choanocytes revealed both 45 ultrastructural commonalities and differences in comparison to choanoflagellates. 46 Choanocytes and colonial choanoflagellates are typified by high amoeboid cell 47 activity. In both, the number of microvilli and volumetric proportion of the Golgi 48 apparatus are comparable, whereas choanocytes devote less of their cell volume to 49 proportion of endocytotic vacuoles by volume (single: 0.07 ± 0.07 vs colonial: 0.32 ± 122 0.12) -a phenomenon coupled to a higher overall number of endocytotic vacuoles 123 (single: 1 ± 1 vs colonial: 5 ± 2) and pseudopodial projections per cell (single: 1 ± 1 124 vs colonial 8 ± 2) ( Figure 2C and Tables S1 and S2). Many of the pseudopodial 125 projections and endocytotic vacuoles bore the morphology of lamellipod ruffles and 126 macropinosomes ( Figure 3A ), suggesting that colonial cells are typified by high 127 macropinocytotic activity. Macropinocytosis -defined as the formation of phase-128 lucent vacuoles >0.2 μm in diameter from wave-like, plasma membrane ruffles [25] -129 is conserved from the Amoebozoa [26] to animal cell types [27] . It is therefore 130 parsimonious to infer that the macropinocytotic activity of S. rosetta colonial cells 131 represents a trophic adaptation, particularly considering that previous biophysical 132 studies have reported more favourable feeding hydrodynamics in rosette colonies 133 [28] . Even in macropinosomes with no observable cargo, dissolved proteins [29] and 134 ATP [27] from extracellular fluid have been previously reported to be metabolically 135 exploited by animal macropinocytotic cell types. This non-selectivity, coupled to the 136 large volume of engulfed fluid, makes macropinocytosis an efficient cellular process 137 to sample and process the extracellular milieu. 138
Our comparison between single and colonial cells provides new insights into 139 ultrastructural commonalities and differences associated with the conversion from 140 solitary to colonial cells and shows that colonial cells might represent a distinct and 141 differentiated cell type. 142 the rosette z-axis ( Figure 3M ). In addition, mean cell size was comparable among 154 different rosettes, including those that contained different numbers of cells (Figure 155 S4B). However, we did find a positive correlation between cell number and the 156 number of intercellular bridges per cell across rosette colonies ( Figure S4B ). 157 Importantly, we uncovered the presence of unusually shaped cells in two of the five 158 S. rosetta rosette colonies (Carrot-shaped cell 5 in RC3 and chili-shaped cell 5 in 159 RC4, both labelled orange with an asterisk) ( Figure 3M ). These unusual cells were 160 both found at the same location along the rosette z-axis, exhibited an elongated 161 morphology distinct from other colonial cells ( Figure 3O , P and Videos S8 and S9), 162 and were small in volume. Cells 5 from RC3 and RC4 were 9.87 and 13.35 μm 3 163 respectively ( Figure 3N ) -the mean volume of the cells in RC3 and RC4 was 27.38 164 and 27.25 μm 3 respectively ( Figure 3N ). While each of these unusual cells 165 possessed a flagellum, a collar, connections to neighbouring cells via intercellular 166 bridges and had a similar proportion of cell volume dedicated to most of their major 167 organelles as observed in other colonial cells, these cells devoted a larger volumetric 168 percentage of the cell body to the nucleus (29.8% and 30.78% respectively versus 169 the mean colonial proportion of 13.76 ± 0.49%). These data hint that cell 170 differentiation within colonies may be more complex than previously realized. 171
Our 3D ssTEM reconstructions of rosette colonies also revealed the distribution of 172 intercellular bridges, and the connections formed between individual cells ( Figure  173 3M). We found intercellular bridges in all analysed rosette colonies (RC1-5), totalling 174 36 bridges. There was no detectable pattern regarding bridge networking across 175 rosette colonies. Bridges were distributed from the cell equator to either of the poles 176 along the cellular z-axis and the average bridge was 0.75 ± 0.38 μm in length ( Figure  177 S4D). Prior studies [3, 4] of S. rosetta bridges suggested that bridges are typically 178 short (0.15 μm), connecting two adjacent cells and containing parallel plates of 179 electron-dense material. In contrast, the bridges detected in this study exhibited 180 striking morphological diversity ( Figure 3M , Q-U), with lengths ranging from 0.21 -181 1.72 μm. The majority of bridges consisted of a protracted cytoplasmic connection 182 between two cells, and in many cases, the septum was localized asymmetrically 183 along the bridge ( Figure S4C ). Most surprisingly, some bridges were not connected 184 to any neighbouring cells at all, but rather the septum was situated on the end of a bridge width and degraded electron dense structures proximal to bridge remnants 187 being incorporated into the cell body of a contiguous cell ( Figure 3T , U). These data 188 suggest that intercellular bridges could be disconnected from neighbouring cells and 189 that the electron-dense septum may be inherited. 190
The asymmetric and disconnected morphology of intercellular bridges provides 191 important clues to choanoflagellates colony formation and potentially the evolution of 192 animal multicellularity. Bridges, displaying electron-dense septa reminiscent of those 193 found in S. rosetta, have been previously identified in other colony-forming 194 choanoflagellate species [30, 31] and it has been hypothesized that these structures 195 represent stable channels for intercellular communication [4] . Our data suggest that 196 bridges can be disconnected, and that the electron-dense septum may be 197 asymmetrically inherited. In this way, choanoflagellate bridges may resemble the 198 mitotic midbody in animal cells [32] . It may still be that S. rosetta bridges play a role 199 We detected little ultrastructural variability within the five choanocytes ( Figure S5 , 214 Table S3 and S4). All five cells exhibited a prominent basal nucleus, small and 215 choanocyte cellular architecture reported in previous studies [32, 34, 36] (reviewed in 218 other authors [38] [39] [40] [41] [42] [43] These findings are reiterated by our reconstructions and 250 observations ( Figure 4F , G). 251
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Fluorescent Labelling of Organelles 606
To support the annotation of organelles from ssTEM sections, the microanatomy of 607 S. rosetta cells was chemically characterized by fluorescent vital staining. Cells were 608 pelleted by gentle centrifugation (500x g for 10 min at 4 o C) in a Heraeus™ 609 Megafuge™ 40R (ThermoFisher Scientific) and resuspended in a small volume of 610 culture medium. Concentrated cell suspension (500 μl) was applied to glass-bottom 611 dishes coated with poly-L-lysine solution (P8920, Sigma-Aldrich) and left for 10-30 612 min until cells were sufficiently adhered. Px1 cultures were concentrated into 100 μl 613 of culture medium to promote the adherence of rosette colonies.
Adhered cells were incubated in 500 μl of fluorescent vital dye diluted in 0.22 μm-615 filtered seawater. Cells were incubated with 4.9 μM Hoechst 33342 Dye for 30 min 616 (to label nuclei); 1 μM LysoTracker® Yellow HCK-123 for 1.5 h (to label food 617 vacuoles); 3 μM FM® 1-43 Dye for 1 min (to label the plasma membrane); and 250 618 nM MitoTracker® Red CM-H2Xros for 30 min (to label mitochondria). All vital dyes 619 were from ThermoFisher Scientific (H3570, L12491, T35356 and M7513 620 respectively). Fluorescent-DIC microscopy was conducted under a 100 x oil-621 immersion objective lens using a Leica DMi8 epifluorescent microscope (Leica, 622 Germany). Vital dyes were viewed by excitation at 395 nm and emission at 435-485 623 nm (Hoechst 33342 Dye); 470 nm and emission at 500-550 nm (LysoTracker® 624
Yellow HCK-123 & FM® 1-43 Dye); and 575 nm and 575-615 nm (MitoTracker® Red 625 CM-H2Xros). Micrographs were recorded with an ORCA-Flash4.0 digital camera 626 (Hamamatsu Photonics, Japan). All cells were imaged live. No-dye controls using 627 only the dye solvent dimethyl sulfoxide (DMSO) (D4540, Sigma-Aldrich) were run for 628 each wavelength to identify and control for levels of background fluorescence. 629
Chemical fixation during vital staining and TEM sectioning was avoided where 630 possible in this study to reduce fixation artefacts. 631
To visualize cell bodies, flagella, filopodia and collars adherent cells were fixed for 5 632 min with 1 ml 6% acetone, for 15 min with 1 ml 4% formaldehyde. Acetone and 633 formaldehyde were diluted in artificial seawater, pH 8.0. Cells were washed gently 634 four times with 1 ml washing buffer (100 mM PIPES at pH 6.9, 1 mM EGTA, and 0.1 635 mM MgSO4) and incubated for 30 min in 1 ml blocking buffer (washing buffer with 636 1% BSA, 0.3 % Triton X-100). Cells were incubated with primary antibodies against 637 tubulin (E7, 1:400; Developmental Studies Hybridoma Bank) diluted in 0.15 ml 638 blocking buffer for 1 h, washed four times with 1 ml of blocking buffer, and incubated 639 for 1 h in the dark with fluorescent secondary antibodies (1:100 in blocking buffer, 640
Alexa Fluor 488 goat anti mouse). Coverslips were washed three times with washing 641 buffer, incubated with Alexa Fluor 568 Phalloidin for 15 min and washed again three 642 times with washing buffer. Coverslips were mounted onto slides with Fluorescent 643
Mounting Media (4 ml; Prolong Gold Antifade with DAPI, Invitrogen). Images were 644 taken with a 100x oil immersion objective on a Leica DMI6000 B inverted compound 645 microscope and Leica DFC350 FX camera. Images presented as z-stack maximum 646 intensity projections.
Imaging. Images of cells on serial sections were taken on an FEI Tecnai 12 electron 680 camera. 681 Single (S1-3) Single (S1-3) Colonial (C1-3) Colonial (C1-3) 
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